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FOIEWORD

The goe-Gynamic investizations of the pulse-Jet tube conducted
et the Technical High School at Aschen iz presonted in two parts.,
Part I was Issued in Juns 1943 and Pert IT in August 1944; both narts
are presented here under one cover., Tho conbtents of each part is
showm by the foellowing briefl swararies:

Part I - Influcnce of the form of the Jeb tube, of the effective
crosg-soctional ares of the valves, of loakiness in the valves, and
of the gpeed of flight on the mode of oneration of the pulge-Jjaot tube
end on the ratins of the amcunt of clarge induced Tor the second cyocle
to the staendard charge postulated for the first crele.

Part IT - Consideration of the sequence of pressure changes during
combustion.
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GAS-DYTAMIC INVESTIGATICNS OF THE PULSE-JET TUBE¥*

PART T

By F. Schultz-Grunow

SUMMARY

Baged upon a simplified repressntation of the mode of operation
of the pulse-jet tube, the effect of the influences mentlioned in the
title were investigatel and it will be shown that, for a jet tube with
a form designed to be asirodynemlcally favorable, tle ability to operate
is at least questionable.

P INTRODUCTION

The jet tube discussed herein ig shown in its simplest cylindrical
T form in figure 1. Distributed over the cross section at the left-hand
or inlet end of the tube are air valvss that open automatically when-
ever the pressure within the tube Is lower than that outside and permilt
only inward flow, Heve also are locabed fuel-injection valves, which
likewise open autcmatically at low pressure within the tube. The
right-hand, or exhaust, snd of the tube is open.

In a correctly proporticned Jet tube, If a fuel-air mixture ini-
t1ally preseat in the inlet end of the tube in sufficient quantity s
ignited, an automatically repeating working cycle begins, which con-
sists of the explosion of the fresh charge, its exhaust, the suckling
in behind it of a new mixture by the Ilnertia of the exhausting gas
colurm, and the automatic igniticn of the new mixture, wherewlth the
process begins anew. The fuel-energy introduced is so transformed
into hea® end kinetic energy that exhaust occurs at a greaster velocity
than that of intzke, whence a thrust resultas.

*"Gagdynamische Untersuchungen am Verpuffungstrshlrohr." Inast.
f. Mech., Tech. Bochschule Aachen (ZWB), Forschungsbericht
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In particular, the processes of nonuniform movement in the tube -

will be discussed here on the basis of the law of propagation of ges-

pregsure waves of finite amplitude and in the simplest maaner, namely,
asguning adiabatic changes of state and further assuming that at the
beglnning of the working cycle there is present, adiabatically com-
presged rolative to the surrounding alr, a column of fresh charge, .
which suddenly expands, In accordancs with the data given by

Peul Schmidt, let the length of the column of fresh charge be one-

seventh of the tube lengtl, and the 1initial pressure 1.5 atmospheres

above local atmospheric pressure.

These prescribed initial conditlions largely predctermine the
temporal course of variation of the excess pressure at the inlet cross
gection of the tube, from which the thrust results, The reader should
therefore not expect to find in the following remarks a theorstical
method of calculating the thrusi; nor could this be expected in any
cage becaunse the combustlon process so completely eludes theoretical
treatment that here expcecrimentation alcne is decigive., But what can
he accomplished 1ls the investigation of all tho processes st in
netion by the reverberating gas waves and tho influence thereon of
any structuvral alterations, combusgtlon pressurse, and flight speed.

The criterion on which the effect of these factors will be more or
less favorably adjusted will be, aside from the ability of the tube
to operate, the incrcoge achieved in tho quantity of fresh charge
sucked in and avallable at the e¢nd of a working cycle, inasmuch as a
larger quantity will catepgorically poesess a greater content of
thermodynemically usgeful work, Deta go cbtaincd have been confirmed
in experiments and have proven useful in the development of a Jst-
tube form of low alr resistance. Mureover, such deta facilitate the
explanstion of meny phenomena observed in jet-tube work.

‘Ai!
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SYMBOLS
X distance, from inlet end toward exhaust end
t time, from beglnning of a working cycle
R tube length
R? length of column of fresh charge at beginning of first working
cycle - o "
R"  length of column of fresh charge at beginning of second woerking s

cycle
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P

P1
K

Mo
M
Fp

Fg

VA =

gas velocity

velocity of sound

velocity of sound in local atmosphers

velocity of sound at u = Orror at gtagnation point

x/R, nondimensional distance

teq/R, nondimensional timo

R'/R

R"/R

period of cne working cycle

presaure

local atmostheric pressure

density

atmogpheric denslty

cp/cv = 1.4

quantity of fresh charge at beginning of first working cycle
quantity of fresh charge at beginning of second working cycle
crogs-gectional area of lube

total effective crosgs-sectional area of alr valves open for intake

FE/FR

FUNDAMENTALS

Method of investligatlon.

Making the assumption of one-dimensional movement along the axls

of the tube, the pressure waves can be followed graphically in a
system of coordinates of which the ordinate is time t and the
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cbscigsa the distance x traveled by the wave. An example of this
representation of distance as a functlion of time is the graphic

representation of a rallway timetable in figure 2. The train leaves s
gtation A at time t = 0 and moves toward B with the constant epeed

uj. At B it kalts for At seconds and then proceeds further with

the reduced speed wuy. The course of the line in figure 2 shows '

whsere the train is at a given time and when it will reach a given
place. Its slope as measured from the t-axis represents the speed

L

because u = The greater the deviation, the greater the speed.

ax
dt’
Zero slope from the t-axis indicates a state of rest; a leftward
slope wvould indicate motion in the reverse directiocn.

In order to understand better the graphic methods to be used
herein, reference may here be mads to four reports in which the laws
of propsgation and reflection of pressure waves of finite amplitude
in gases worc invegtigated. (See reference 1, p. 322, and references 2
to 4,) According to these reporis, there exists in a tube of uniform
cross section the following relation between the velocity of gound a
and the gas veloclity u in an

wl

cutflowing (+x direction) wave, du = - - 2 T da o~
= =
inflowing (-x direction) wave, du = + v f T da
or integrated
AU = F—2m Aay (1)
K-1""2 4

These are linear relations, whicn permit a and u 10 be super-
imposcd when opposing waves interact. These relations can also be
80 arranged that, with reference to the guantities defined by
Riemann,

I’ =

oo+

- 1/ 2
(ﬁ-r‘”’f‘ and 8=§<‘.r?"j‘a-u> (2)

therc belongs tc each element of an outflowing wave sn r value thet

does not change even when an Inflowing wave is encountered, and to

each inf'lowing element an § value that likewilse does not change.

One may further deduce that an outflowing-wave element does not indlu-

ence the value of 3 along 1ts peth, nor an inflowing-wave clement L
the value of r along ita path, so iI' no encounter takes place, an

outflowing wave has a constant s value and an inflewing wave a con-

stant r value, 27
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Tn the metnod %o be employed, a pressure wave 1s approximated by
a ctep-curve, as 1llustrated in figure 3. At each step, which shall
hereinafter be deaignated a wave, £ change occurs In the vcloclty of
sounl Aa ard a crange in the gas velocity Au. If these changes
in an cutflowing wave are pcaitive, there is a condensation wave; in
the onposite case, a rerefaction wave, In order to distinguish them,
condensption waves will be shown by solld lines and rarefaction waves
by dashed lines. Figurs 3 chowe the wave propezgation in the plane t,X
and the whole wave as approximated by the wave elements at varlous
times. The wave is understood to be cauged by a varlatlon of pressure
operating at x = 0. 1In the diagram, the wave has been divided into
equal increments Au and Aa for the sake of simpliclty, namely,
auw = 1.1 a; and, coasequently, from eguation (1) with & = 1.4,
ba = 0.2 a;. The arrows ghew the direction of the gas velocity wu
at each moment. The path of a gas particle in a t,x diagrem 1is
alvays shown as a finely dotted line; the deviation of this line
from the t-axis renressnts u. The path shown 1s that of a gas
particle that 1g at x = 0 when t = O,

The movement and gas conditions in a wave are determined dy a
end u Dbecause presaure and density may be obtained from the adlabatlc
relaticns

an

s _2_
K-l -1

2 = ,.E-, and —Q— = '/.9'_ (3 )

P \*%1 P1 (al

The subscript 1 always indicates the atmospheric condition in which
the jet tube is operating. [ NACA corment:; The author was able to
neglect the differences in temperature between the working fluid and
the outside atmosphere because of the dimensionless representatlon.
The calculations were therefore made assuming that the working fluid
in a state of rest has the same temperature as the outside atmosphereJ

The velocity of propagatisn of a wave w 1s composed of the
velocity of sound & aad the velocity of the gas u 1in which 1t
travels. It is [NACA comment: In the general case, this relation
is w = u#al]

W= 8+ 1u (4)

For the wave marked I 1in figure 3, w = a; + 24a + 24u and specif-

ically, as has been sald, this velocity 1s represented in the plane
t,x by tan o (fig. 3). In drawing the wave plan, this slope 1is
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taken from a slope plan shown, on the gcale of which the velocity
corresponding to a glven slogpe is indicated, both for the positive
and, when required, for the negative diFection of propagation., .

)
‘0

Similarity.

In order to be bound as little as possible to concrete numerical
values, the dimensionless coordinates f and 7 will be used in place
of x and t, so

g:% and T = R' (5)

where R 1is the tube length. The slope of a propagation line as meas-
ured from the T-axis 1is then the velocity made dimensionless by divid-
ing by a;. This mode of representation has the advantage that it is
independent of a gpscific tube length or atmospheric condition (alti-
tude). As a porameter expresaing relative lengths, we now have s8imply

B!
! o i
t' = B

(R' = length of compreased column of frosh cherge; R = tube length)

v,

The initicl pressure of the column of fresh charge, of course, con-
gstitutes a further parameter. Because this pressure has not yst been
measured, as already stated, take ms n reasonable agsumption that it
1s 2.5 times as great as the prossure of ths gurrounding atmcsphere,
Then the velocity of sound in the compresscd column of fresgh charge
according to equation (3) is [NACA comment: The ratio a/al of 1.l44
has apparently heen chosen for convenlence in subdivigion into wave
elements. It actually corregponds to a pressure ratio p/pl of 2.5K5,
rather than 2.5.]

a = 1.144 a;

As also mentioned,

gro= B

~f

is taken as the normal case. o .

The absolute length of the tube does not appear hereo as a param-
eter, which 1s contrary to practical experience, because frictional -
and heat losses are dlsregarded,
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As the final parvemeter, =z 18 obtalned, the ratio of the intake
cross section Fp (effcctive flow area of the valves) to the tube
crogg section Fp

Fg
Z = =

R

In using parameters, it is essumed that two tubes will behave simi-
larly if all thelr parameter values are the same.

BOUNDARY CONDITIONS IN THE JET TUBE FOR WAVE REFLECTION

Wave reflection at the closed and at the open end of the tube,
a9 well ag at abrupt changes of crosg sectlon (a serles that is con-
gidered as the approximate equilvalent of & gradual change of cross
gection) have been previously treated (references 3 and 4).

Clogsed end of tube.

At the closed end of the tube, the gas velocity is always zero,
whence 1t follows that a wave will be reflected with the same strength
and with the same sign as in acoustics.

Cpen end of tubc,

The pressure that exlste at the oren end of the tube during out-
ward Tlow 1s that of the surrounding atmosphere, because the dlscharge
ig in the form of a Jet; during invard flow there exists a sinxk flow
and consequently a Bernoulll pressure decrsase, which 1s determined by
the Bernoulll equation

2

X we | a1
+ — v v ———

K -1 2 -

in which pressure is expressed by sound velocity, From this it fol-
lows, that so long as outflow exists, a wave will be reflected at
full strongth with opposite sign; but not so in the cage of inflow,
a3 a part of the wave then creates the Bernoulll pressure drop. With
a decrease In the inflow, the Bernoulll pressure drop dimlnishes,
This need not be further discusssd bescause under the conditions
essumed, so gmall a degree of inflow occurs at the open end of the
tube that this pressure drop may be ignored.

Change in crecas section.

At a change in crosg gection, the geme quantity of fluid must
enter at side A as that which leaves from side B.
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]

Pa Bp Fp = ep ug Fp

¥

The same applies to the energy:

u2 aZ uZ aZ aZ
A A B B g
T tRLICT T PRSI T (6)

These two conditions, which must apply to the passage of a wave
through a change in cross secticn, mny be most gimply treated with
the aid of a diagram, the sc-called characteristics diagram, in which
the gas velocity u is taken as the abscissa end the velocity of
gound & as the ordinete, The diogram is preferably made dimension-
less by dividing by ay. Individual lines r = conatant and
8 = constant, which from equation (2) are straight lines, are entered
in the diagrom. These are the characteristics, because at these lines
discontinuities may occur, which In the present case are the waves.
Actually, a value of r vrefers to an outflowing wave and a valus of g
to an inflowing wave, Also ia the diagram (fig. 4) are curves of con-
stant energy, which according to equation (6) are ellipses, and curves -
of constant masa velocity, vhich are hyperbolas In accordancse with the
equation

2 -
- ca Ty
L A + — = constant (7)
Py By Q’LJ a

The paséage of & condensation wave through & point of increcse
of cross section shall be obgerved, momentary states of which process
before and afteor the reflection zre shown in Tigure 5, The wave
brings with 1t the gas state 6, namely, &g ond ug. It traverses
state 2, defined by gs and us. At the point of incresse of cross
sectlon, there occurs an increage of pressurc to state 3. At the
interaction of the wave with the tube enlargement, there arises from
the wave 6 a wave 4, which procseds forward, and a refiected wave 5.
The states 6 and S are separated, according to figure 5, by an inward-
traveling rarefaction wave and thus lie ga a r = constant line in
the a,u diagram; the states 4 and 3 are scparated by an outward-
traveling condensation wave and thus 18 on a g = constant line.
States 6 and 3 are known and hence alsv the r- and s-lines on which
states 5 and 4, respectively, lie, States 5 and 4 are separated by
the point of change of cross section and thus lie also upon an ellipse,
Furthermore there exists between 5 and 4 a difference of mass velocity
A(pu) determined by the difference in cross section AF in accordance
with

o

6(pu) = pg ug - Py Uy
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end
Ps U5 Fg = Pg Wy Fy

in which T is the cross-sectional area. Hence
A(pu) = pg ug AF (8)
Fq

Thus there is only one ¢llipse on which 5 and 4 may lie, namely, the .,
one whose points of intersection with the glven r- and s-lines have
the prescribed difference of mass velocity. The ellipse must be

fourd by trial. In figire 6 the reflection is shown in a t,x dla-
gram, The wave reflected 1s o rarefaction wave because 4, ag™ &g

and ug>ug. In the case of a reduction in cross section, the

reflected wave is a caondensatlon wave,

Reflection at the valves,

The valves at tue intake end behave like a solid wall, so long
as there is an excess of preasure agrinst thelr inner sides. But wien
the pressure is less than that outside they are open; in this case
reflection occurs as at a partly open tube end. Inasmuch as the valves
are spring-operatsd, thelr openings increase with decreasing inside
pregsure to a maxlmum arsa Fp determined by their mechanical con-
struction. For the sake of simplicity, this spring action shall be
disregarded and it shall be assumed that whenever the inslde pressure
is less than that outslde, the valves are fully open. Let Fg be
the effective cross-sectiocnal area of the openings, in which the
effect of friction and the vena-contracta loas have alrcady been
allowed for. The Bernoulli equatlon (equation (6)) for uniform flow
may be applied to the flow through the valves on account of thelr
short flow length. The flow conditions In the valves thus lie in
the a,u dlagram along an ellipge that Intersscts the a-axis (that
1g, the line u = O) at a point corresponding to the value of the
sonic velocity at the stagnation point 8y provided that by a
means of sultable fairing (total head scoop) ahead of all the valves,
the Impact pressure corregponding to the speed of flight is made to
operate againsgt their outer sldes. Tet the state of the gas ond
condition of motion occurring at the narrowest valve cross section
be denoted by 4. Neglecting the shock loss, it is assumed that on
the outflow glde of the valves, that ig, the inner side, there is a
uniform distribution of velocity over the tube cross sectlon Fg,
and hence

Py Uy Fy = P35 U3 Fy

and
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alpu) = pg Uy - Pz Uz = pg Uy <l - ——) (9)

in which 3 denotes the state of the gas and condition of motion in
the tube immediately next to the valves. Because, with the construc-
tion chosen, the outflow from the valves occurs without any regeining
of pressure, az = a4, and states 3 and 4 lie on a horizontal line

in the a,u diagram. For any mass velocity py uy, the mass
velocity difference A(pu) may be computed from equation (9) because
FE/FR is given by the dimenslions of the tube.

Now if a gas and motion condition 1 exists at the discharge side
of’ the valves, through which a rarefaction wave travels bringing with
it condition 2 (fig. 7), then a wave will be reflected at the valves
that will produce state 3 at the discharge side and state 4 in the
narrovest valve cross section. States 1 and 2, because they are
geparated by an inward-traveling wavs, lie on a r = congtant line
in the a,u dlagram (fig. 3); states 2 and 3, being separated by an
outward- traveling wave, lle on a 8 = onutant line. The required
conditions 3 and 4 lle on that horizontal straight line on which 3
and 4 will have the mass velocity difference A(pu) prescribed by
equation (8). In figure 8 may be scen four possible caazss of the
reflection, according to the magnitudes of A(pu) and FE/FR At
& rgtjo PE/PR in the nelgnborhood of unity, to which the states 3l

and 4% 1n figure 8 correspond, & condensation wave will be reflected.
Then there 1s a smaller FE/FR value at which no wave will be
reflected, states 3% and 2 coinciding. At a still smaller F /F
value, a rarefaction wave will be reflected, becausge 3 kas smallcr
state values than 2. At a still asmeller FE/FR valne, there occurs
the limiting case In wkich w = a 1in the valve crcss section (the
flow velocity u equals the velocity of gound a); this 1s condi-
tlon 44. The corresponding state 3% 15 the polnt of intersection of
the 8 = congtant line through 2 with that hyperbola which has the
requircd increment of mass velocity 4(pu) relative to the hyperbola
that passes through 4% and 1s tangent tn the ellipse. In figure 9
the reflection In the third case is shown in a t,x diagran,

MODE CF OPFRATION OF THE JET TUBE AT REST
Cylindrical Tube
The mode of operation of the cylindrical tube is evident from

the wave diagrams in figures 10 and 11, which are drawn for
FE/FR 0.2 and 0.4, vrespectively. A part of the excess pregsurs

ol
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of the column of fresh charge travels toward the right as the conden-
sation ghock wave a, which is so small that the change of gtate in
1t may be re;zrded as adiabatic, The other part traveis leftward as
a rorvefaction weve; the Initlal difference of velocitles of sound

fa = a - ay = 0.144a; (see p. 6) dlstributes itself one-half to

each of the two waves. The rarefaction wave 1ls shown ag divided into
tvo elementary waves b eand ¢, 1In order to allow for the legser
velocity of propagation of later wave elsments than that of earlier
ones, A further subdivision proves to be unnecessary. The rarefac-
tion wave 18 reflected at the left end of the tube as from a solid
wall because the valves are clesed. Finally, therefore shock sa

and the two waves b and ¢ are traveling toward the right. The

- states of the gas and conditions of motion created by the shock and

the waves are enumerated Ly the figures in circles, for which the
state values, namely, veloclity of sound a/al and gas velocity u/al,
may be found In table I. Positive gas velocity signifies velocity
directed toward the right., It may be geen from the table that behind
the last rarefaction wave traveling to the right, atmospheric condi-
tiong are ageln attalned,.

At the right-hand or open end of the tube, the shock is reflected
as a rarefaction wave, which i1s likewlse divided into two elementary
waves d and e. Tne rarefactlon waves are here reflected at the
open end as condensation waves, which soon ccmbine themselves into the
shock h.

The rarefaction wave 4 creahtes condition 12, for which table I
shows pressure lower than the outelde atmosphere, As soon as this
state reaches the left-hand end of the tube, the valves open and at
the moment T, fresh charge begins to flow in., Consequently, the

finely dotted line representing propagation of the boundary of the
fresh charge begins here, The Intake process 13 strengthened by the
subsequent rarefaction wave e,

Beceguse of the shock h, which now arrives, the fresh-charge
front is forced not merely to stop but to reverse its motion, whereby
the fresh charge is compreased., A= soon ag the ahock strikes the
valves, the Inteke peorilod 1s ended and we have at this moment Tp
a compresged column of fresh charge of the length £" in the tube,
It is assumed that at the moment Ty the explosion of the column of

fresh charge occurs, so the length E£"  then attained has the same
significance for the second working cycle as £' for the first.
Because it turns out that £"<E', it must be concluded that the
Jet tube could only operate if FE/FR>'O.4. The explanation of the
fact that in reality it operates even when FE/FR = 6.2 1lies in
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the cholece of pregeribed conditions. In spite of thls inconsistence
with realivy, figzures 10 and 11 show a rnumbor of noteworthy partic-
ularg that do corrcepond to rsality.

1. The intake process 1s get in motion by the rarefaction waves d
and e into which the condensation shock wave a 18 transfovmed with-
out loss of strength by its reflection at the right-hard end of the
tube,

2. It appears that the condensation shotk wave h, into which
the reyefaction waves b and ¢  arve trerniformed by reflection at the
right-rand end of the tube, nlays a part in the ignition of the fresh
charge.

3. At small FE/FR ratios of the ordsr of magnitude of 0.3 or
leas; the rarefaction wavegs d and e, waich stert tha inteke proszesgs,
are rcilecied as the waves 1 and k  of the same kind end, in fact,
produce a g&s velosity divected towsid@ the left so the wovking cycle
ends with an inflov at the exhaust end. In actual fact there has been
observed with the Argue tube an inflow at the exhaust end preceding
the eshaust of the next cycle when FE/TR = 0.3.

At FEIFR = 0.4, waves 1 and k no longer set in motion a nega-
tlve velocity; only k 1is a rarefaction wave. It is thus to be
expected that, in agreemwent with the cited ovservation, at FE/FR3>O.4
this inflow at the exhaust end does not ocnur,

EFTECTS OF CONSTRUCTIONAL, ALTERATIONS

Jet Tube at Reat

Influence of length E':, tube lengtl remaining the game,

The greater £f, tho longer 1s the puth of the rarefection
waves b and ¢ (figs. 10 and 11), so much later is the shock h
formed from them and so much longer is the intake period Tp - T, and
the duration of the working cycle.

The effect on the duration of the working cycle is negligibls,
emounting to & psrcent. The increased intake period results in an
increased quantity of fresh charge M" at the end of the working
cycle. With an increase of ¢! from 0,1145 to 0,191, that is, an
increase of 66 percent, there is obtained

o
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FE/FR Increage of M"
(percent)
0.4 20
.6 30
8 30

Influence of tube length R, abeolute length of R' remalining the

samne.

Tn the limiting case of very weak waves, one.would expect,
according to the laws of ecoustics, an increase in the duration of
the working cycle proportional to R. In this case 1t slowly
increases as much ag 5 percent because as R 1increases the rare-
faction waves b s&nd ¢ shift nearer to the shock a, thereby
reducing the extent of the regions through which the waves d and
€ move more glowly.

M" increases with increasing R as follows:

Fr/FRr /R M
—-t

0.4 5.25 0.6
7 7

8.75 -8

0.6 5.25 0.9
' 7 .9
8.75 1.0

0.8 5.25 1.0
7 1.0

8.75 1.1

According to this table, the results of lengthening the tube are
favorable; of course there is, for rsasons not here discussed (heat
leakage) a practical limlt of about R = 3.5 meters.

Influence of change in valve cross section Fy.

Figure 12 shows the increase of M" with increasing FE/FR on
the basis of figures 10 and 11 end similar figures.

Influence of tube shape (tube of varylng cross section).

The values §' = 1/7 and Fp/Fp = 0.4 were taken as & hasis.

The tube forms Investigated with discontinuous change of cross soctlon,
in which each change from left to right always amounts to 50 percent



14 NACA TM No. 1131

of the preceding section, are shown in figure 13, BReside them to the
right are given the tube forms with continuous change of cross section,
to which the investigated stepped forms may be regarded as approxi-
mating. Less accurately than before, a rarefaction wave is now revre-
sented with one instead of two rarsfsction lines, for at each change
of cross section each wave gives rise to two, whereby the investiga-
tion becomes very complicated.

Form A corresponds to the tube already investigated in figure 11,
which 1s to serve as a basis for comparison.

(a) Reduction of cross sectlon at §' (furm B):

The Tresh-charge front is assumed to lie a little to the left of
the constriction. This form corresponds approximately to the cylin-
drical Argus tube with enlarged combustion chamber.

The applicable wave diagram la given in figure 14, As a result
of the conatriction, the coendensation shock wave a 1is stronger and
the rarefaction wave b 1is weaksr than with form A (fiz. 11). Con-
gequently, the rarefaction wave e vresulting from the reflection of
a 18 gtronger than the corrcsponding wave in figure 11. The result
1s smaller velocities of progagation for the subsequent condensation
waves f and g and consequently a substantially longer intake
period Ty - T, than in the case of form A, a substantlally larger

column of fresh charge being thus drawn in,

In this connection it must bo remembered that the returning
waves e, [, and g arc weakened at the point of change of cross
gection, The fresh cherge will therofore be sucked in with a weaker
vacuum than in the case of figure 11. But if the quantity M" newly
drawn in 1s compared, it is found that nevertheless

M .
B 0.823
=05 78

that 1s, in spite of the weaker suctlon the intake period iz suffi-
ciently lengthened that form B yields a 60-percent increase in charge.

Through the weakening of the subsequent wave of condensation,
the ignition of the new column of fresh charge 1s made doubtful. Of
course, the condensation shock wave creates a higher absolute pressurs
than in form A. Tt shall not be attempted to decide which is more
dscisive for ignition, the absolute pressure or the pressurs ratio.

The optimal constriction ig that at which the exkhaust occurs with
8 velocity equal to that of gsound in the surrounding atmosphere.

wl
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(b) Rediiction of cross section at center of tube length (form C):

In figure 15 waves & end e, reflected at the constriction,
cross the returning waves f and g too late to produce as long an
intake period Ty =T, as In figure 14. Besides this, there occurs

a still smaller pressure drop across the valves, SO now

M'a  o.71
O o2 1,39
MUy

the improvement over form A still emounts to 39 percent.

The pressure ratio in the condensation shock wave h, which
produces the ignition, is Just a 1ittle smaller than with form Bj;
however, the absolute value of the compressing pressure 1s greater.

(c) Reduction of cross section at exhaust end (form D):

From figures 10 and 11 it may be seen that the automatic opera-
tion of the Jjet tube 1s based on the circumstance that at the open
end a condensation wave is reflected as a rarefactlon wave, and a
ravefaction wave as a condensation wave, namely, at full strength
because at the exhaust end only outflow takes place. Consequently,
the first to strike the valves 1ls the rarefaction wave, which starts
the intake period, after which the Igniting condensation shock
wave h ©reaches them.

But if now the reduction of cross section is located at the
exhaust end, this means that there is a half-open tube end at which,
as closer investigntlon shows (fig. 8), the condensatlon wave is
reflected as such with lessened strength and likewlse the rarefaction
wave is reflected as such with lessened strength. In thls case, as
shown in figure 16, the condensatlon and rarefactlon waves strike the
valves in reversed sequence and the tube does not function.

(3) Two reductions of cross secticn (form E):

Here the lengthening of the intake period determined for forms B
and C is effected by two constrictions of 50 percent each. A longer
intake perinod Tp - T, but a lesser intake-producing pressure differ-
ence is thus obtained (fig. 17). Likewise, the pressure ratio in the
igniting condensaticn shock wave h 18 the smallest of those for all
tube forms. In practice the absolute compression pressuro is of equal
magnitude to that obtained with form C. The newly induced quantity of
fresh charge M”E compares with form A as follows:
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Y

,VI“
" E_ 0.85 _ , .q
MHA 0‘51

This tube form gives the greatest increase in charge over the simple
tube of form A. This result is not dircctly comparable with the
results Tor forms B and C, because in form E the tube cross section
i1s reduced by 75 percent but in the other forms only by 50 percent,

(e) Increase of cross section at open end of tube (form F):

. The adverse effect of a rcduction of cross section at the exhaust
end having been shown, the question arises, whether an increase of
crogs sectlon at the end of the tube 1z desirsble.

In flgure 18 it may be seen that the First waves traveling to
the right, waves a and ¢, are reflected at the point of increase
of cross section with reversed signs as waves d and e and that by
these waves a short intake process and an explosion are effected, the
fregh charge column " beilng drawn in during the periocd Tg = Tp
and exploded. - - ) '

At the open end of the tube, the original waves a and ¢ are
reflected with reversed signs as in the normal case, giving rise to
the rarefaction wave f and the subsequent condensation wave g.
Although these waves encounter the pressure wave arising from the
lgnition of the column of fresh charge ¢", they likewlse effect an
Intake process and an explosion, the fresh charge column £!''' being
drawn in during the period TA to Tﬁ .

Thus the remarkable circumstance exists that during one working
cycle of the tube, intake and explosion occur twice. Comparing the
Intake quantities M" and M''' contained in the columns of fresh
charge ¢" and ¢''' with the normal case of the cylindrical tube in
figure 11, it is found that during the first period, T, to Tp,

45 percent less 1s drawn in but in the second pericd, TA to Tﬁ!

40 percent more is drawn in; the charge is therefore almost doubled
by this increase in the cross section. Of course the doubled fre-

quency of opening of the valves must be regarded as unfavorable to

thelr length of life,

/!

w
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INVESTICATION OF A STREAMLINED TUBE
(Argus VSR 9z, Drawings II 11039 and II 11036)

Thig tube has a form selected as aerodynamically advantageous,
Its realization was very earnestly desired as a means of reducing the
ailr resistance, which with the cylindrical jet tube 1s excesslve. It
will be shown that from a gas-dynesmic aspect, the ability of this
cigar-shaped tube to opsrate is very doubtful., Tests have meanwhile
confirmed this: The tube proved iteelf incapable of operation on the
test stand. The inveastigation of this tube affcrds a practical )
epplication of the arguments set forth.

In accordance with the method of substituting discontinuous for
continuous changes, the longitudinel cross sesction of the tube 1s
approximated by a step-curve with thrce steps. At each step the ratio
of the smaller to the largsr crossg sectlion is 0.63.

Because 1t is a question of an aprroximation, there remainsg &
certaln leeway as to lLow the rcal form shall be approximated by the
step-curve, For nrectical reascons, tvo step-curves representing two
extremes were chosen; ocne (figs. 19 and 20) in which the step-curve
lies on the outside of the resl shaps; and another (fig. 21) in which
it lies inside the real shape.

With these two step-curves two limlting cases between which the
real shape lies may be investlgeted. The investigation of the
limiting cases has this advantage, that from their different gas-
dynamic behavior, it can be deduced how the given streamline form may
be improved by slight alterations, This process 1s particularly
facilitated by figure 22, where for each step-curve a mean continuous
curve is given, betwesn which the actual shape lies. The investigation
will show waich of these limiting continuous curves must be approached
in order to Improve the gns dynamles of the streamlined tube as far
as possible, or, for that matter, to make the stroamlined tube operable
at all, because 1t should be pointed out at once that the operability
of the streamlined form as given 1s open to doubt because of the marked
conatriction at the end of the tube.

In order to make possible a comparison between this investigation
and the results obtalned earlier for the cylindrical tube of figure 11,
the ratio of the effective inlet cross-sectional area to the tube cross-
secticnal area at the valve plate shall be dlsregarded and as the param-
eter the ratio of the effective Inlet crosg-sectional area to the maxi-
mum cross-sectional area of the tube, namely, FE/FR = 0.4, shall be

taken., As the initial conditlion at the beginning of the working
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cycle, 1t is again assumed that the tube 1g charged for 1/7 of its
length with fresh charge, which 1s under an initial pressure of
2.5 times atmospheric Dbresasure, correasponding to a ratio of sonic
velocities of 1,144,

In order to keep the investigation from becoming unduly compli-
cated, in figures 19 and 21 each rarefaction wave will again be
repregsented bty a single rarefaction line, In figure 2C the rare-
faction waves for the case corresponding to figure 19 are shown in
better approximation by means of two lines, as a check on whether the
approximation by one line is sufficlently exact.

Let the step-curve shown in figure 19 now be invegtigated., Here
the last abrupt change in cross section takes place gt the end of the
tube. The condensation shock wave in pasaing through the changes of
cross section gives rise to condensation waves traveling in the oppo-
site direction; at the same time it is so strengthened that the gas
leaves the tube with a pressure greator than atmospheric and et the
velocity of sound (condition 8).

The conditions at the end of the tube are now such that for all
practical rurpoges the condensation shock wave is nob reflectsd at
all. This is of serious consequence for the operation of the tube
because the automatic operation of the tube depends directly on the
reflection of the condensation shock wave from the end of the tube as
a rarefaction wave and on the opening of the inlet valves by this
returning rarefaction wave, As this reflected rerefaction wave is
now lacking, the valves are not opened at all and the tube thus cannot
function.

Similar cousiderations apply to the gubsequent rarefaction wave c.
It is rerflected as a rarefaction wave at the changes cf cross gection
within the tube, simultaneously strengthened by entry into the narrower
sections of the tubs, and not reflected at the open end of the tube so
the reflected condensation wave, which In i{ts return would ignite the
new charge, likewise does not arise.

The waves reflected at the changes in cross section within the
tube are also not capable of maintalning the automatic opzretion of
the tube, for the waves reflected are always of opposite sign to those
required for operation, that is, a rarefaction wave instead of a
condensation wavs and vice versa. Furthermore, the reflected waves
eventually so overtake each other eand cancel that after only one cycle
of reverberation the atmospheric condition of rest is restored.

A |
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By means of figure 20, it 1s now inguired whether this negative
result-is due to the rough aprroximation of the rarefaction wave by
a gingle rarefacticon line b, In figure 20 thersfore, the rare-
faction wave 1s represented more exactly by means of two rarefaction
lines, as originally done for the cylindrical tube. Thig subdivision
certainly has no influence on the condensation shock wave a and it
is therecfore exactly as in figure 19, reflected at the exhaust end
of the tube not as the required rarefaction wave but as a very weak
condensation wave, which in practice may be disregarded.

Wow it could be possible that by reflection at the intermediate
changes of crosg sectlon, waves might arige that would support the
automatic operation of the tube. It 1s found, however, that even
with this more accurate representatlion the reflected waves d to 1
create no subatmospheric pressure at the Intake and consequently the
valves are not opensd. The lowest pressure that occurs at the inlet
end 1s that of the sumosghere, exactly as In figure 19; the two
figrres likewlse agres in respect te maximum pressure. The simplified
conception of the form of the rarsfaction wave 18 therefore not the
cause of the negative result,

The investigation of the second step-curve is illustrated in
figure 21. At the exhausi end there 13 not & point of choking but a
cylindrical portion of the tube; the Individual drops in cross section
are ghifted toward the left as compared to the first step~curve. The
investigation gilves gignificantly better results In this case. The
condensation shock is again strengtiened in passing through thse drops
in cross section and now, because the exhaust portion of the tube is
cylindrical, it 1s reflected ag a rarefaction wave. The strengthening
of the condensation shock wave In passing through the drops in cross
gectlon produces a strong reflected ravefacticn wave and an outward
flow of the gas from the tube at the velocity of sound. This reflected
rarelaction wave; dus to its strength, produces upon arrival at the
Inlet end a strong intake action having a gas velocity of 0.2 and a
subatmospheric pressure corresponding to a velocity of sound equal
to 0,976 (conditilon 39, table VIII). A comparison with the cylindri-
cal tube shows that the corresponding values for the cylindrical tube
are: gas velocity, 0.34; velocity of sound, 0.924. The intake condi-
tlons for the sscond ster-curve are therefore less favorable than for
the cylindrical tube.

The subsequent rarefactlon wave ¢, being likewlse strengthened
at the drops 1n cross section, 1s reflected as a relatively strong
condensation wave 1 from the exhaust end of the tube; but the strength
of this wave 1s disadvantageous here, as 1ts strength involves a high
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velocity of propagation and consequently it does not arrive at the
intake area late enough after the rarefaction wave to allow enough
fresh charge to be drawn in. Because of this, 1n comparison with
tlie cylindrical tube only 74 percent as great a quantity of fresh
charge is drawn in.

The waves reflected from the polints of change of cross section,
as these points are encountered by the original waves a and c,
exhibit no effect upon the mode of operation of the tube, because
they cancel each other rather quickly certainly before the rarefaction
wave arising from the reflection of the condensation shcck weve at the
tube mouth passes back through the constrictlons.

The step-curves may be regarded as approximations of mean curves
that depart scmewhat from the given longitudinal section: the one
curve (outer step-curve) in the sense that it 1s more rounded-in at
the exhaust end; the other curve (inner step-curve) in the sense that
it 1s more elongated and cylindrical at the exhasust end. These mean
curves are compared with the actual tube form in figure 22. On the
baglsg of the results obtained, the more rounded-in foxrm must be con-
gldered out of the question, With this form the automatic operation
of the tube must be considercd Impossible., The more nearly cylindrical
form ought to be operable, eapeclally in flight, where the Intake
conditions are more favorable than in the steticnary test setup that
ras been conaldered.

In any case the comparieson of thé three tube forms shown in fig-
ure 22 ghows how sensitive lg the automatic operation of the tube to
the influence of the shape of 1ts exhaust end, because the exhaust
ends of the three shepes actually differ relatively little. Ungues-
tionably, the end of the tube musgt be ag cylindrical in form as
rosglble. In other words, it may alsc be sald that although the
clgar-shaped streamlined form shows itsslf In tests to be unsuitable
for automatic tube operatlion, it may be lmproved by siight changes at
the exhaust end of the tube, such as by the addition of a cylindrical
rortion to the tube; of course, a gradual transition from clgar to
cylinder shape muat be provided.

MODE OF OPERATION OF JET TUBE IN FLIGHT

General considerations.

In the cage of the tﬁbéwiniflight,rthe simplified consideration
in terms of adiabatic processes nced be modified by only one new condi-
tion, namely, that the outside pressure on the Inlet valves i3 the

4
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impact pressure. It i3 presupposed that the full effect of the
impact pregaurc is directed against all valves by sultable falring
(total head scoop).

The impect pregsure 1s computed from the Bernoulli equatlion for
a compresgible flow

sl AV
{2 N

a
TITY

=

4 &
2T RS-l

in which ag = velocity of sounl at stagnation point and &) = veloc-
1ty of scund in the nndisturbed atmosphere. As before, all velocitles
are made dimensionlegs by dividing by the velocity of sound aj. Be
1t particularly noted that a, refors not to ground level but to the
altitude of flight at the moment in question,

A further agsvmption 1g that even under the full effect of the
impact pressure, the falves maintein g a-tight closure and that, upon
the arrival of the reflected rarefaction wave at the inlet end of the
tube, they at once completely open. This assumption does not exactly
cocrrespond to the facts because the valve flaps must be held forward
with spring pressure in order to remain closed against the force of
the impact pressure. Hence, they wlll be opened by the wave of lower
pressure only so wide as correzponds to the additiocnal load Imposged
by the lower pressure, which at various flight speeds will naturally
vary in proportion to the Impact presgsure. The Investigation of this
influence of the gtrongth of the valve grrings on the opening of the
valves, however, will be postponed until later.

In treating the wave rellection at the valves, It must be noted

that the velocity of sound of the stagnation point ay and not that

of the atmosphere a; now applies to the ellipse in figure 8 u = O.

Influence of flight spezd on amount of charge.

The Investigation will be carried out for

again with t' = 1/7 and a'/a; = 1.144.
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The individuvual wave diagrams, which were drawn for flight speeds
of 0.3, 0.45, 0.55, 0,78, and 1.00 times the velocity of sound, are
not given in the appendix; simply the results in figures 23 and 24
are given, first as the ratio of the quantity of fresh charge M"
newly drawn in to the quantity M' originally present plotted
againgt flight epeed and then as the ratio of M" at the given
flight speed to the quantity M) corresponding to zero flight

speed plotted against flight speed.

As the impact pressure increases, a point is reached at which
the gag veleclity In the valve cross section FE is equal to the
spead of sound. With a further increase in impact pressure this
critical astate perasists, bscause with the chosen valve conatructilon
no gupersonic speed can arise., Nevertheless the quantity of inflowing
gas continues to increace because at a pressure ratio above the crit-
ical the ges quantity depends solely on the state of the gas on the
pressure side of the valves. Thus, rarefaction waves arriving from
the opsn end of the tube and striking the valves after the critical
condition has been reached have no further effect on the gquantity
of gas flowing In.

The presentation of the results In figures 23 and 24 shows that
with increasing flight speed the guantity of new charge flowing in
increases slowly at first and then more end more markedly. Figure 23
alago shows the obvious fact that with FE/FR = 0.4 the inflow is
consistently greater than with Fg/Fp = 0.2, In the terms of fig-
ure 24, the percentage increase 1is the seme whether FE/FR = 0.2 or
0.4.

Influence of leaklness of valves,

Figure 10 shows that when FE/FR = 0.2, the minimum pressure
occurring et the lnner side of the valves corresponds to the ratio
a/al = 0.898. The pressure corresponding to this is
2%/(x-1)

= = 0,464; that is, the ratio of the absolute pressurc

a
1
to the atmospheric pressure. The pressure differcnce at the valves
amounts thus to %4 percent of the atmospheric pressure.

On the other hand, for a tube flying at 0.64 of the velocity of
sound, the ratio of impact pressure to atmospheric pressure = 1.32.
NWow it has been seen from the preceding Investigations that awmospheric
pregsure ig attained behind the pressure wave as 1t travels out of the
tube. Botween the explosion and the subgequent intake there is atmos-
pheric pressure on the Inner side of the valves, so that a pressure
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difference gt the valves of 32 percsnt of atmospheric pressure then
exigts., During the Iintanke period, a maximum presgure dlfference
of 54 + 32 = 86 percent of atmospleriec pressue exists.

The fixed tube and the tube in flight shall now be compared
under equal atmospheric conditions, If at rest, the valves open to
he degree FE/FR = 0.2 at the mexinum, that 1s 54 percent pres- -
gure differcnce; then in flight they open at the same low pressure

approximatcly to the degree FE/FR = 0.2 %% = 0.32. During the

interval in which atmoepheric preasure exists on the Iinner side of
the valves at rest, the valves are closed but in flight they are

open approximately to the degree FE/FR = 0.2 %'22 = 0.12. This

DR

opening is dssignated the leakiness. Relative to the maximum open-
ing 1t amounts to 9*%§ = 37 percent.
0.32
It is thug seen that at sufficiently high flight speeds, the
valves are congtantly open excepting of course at the time of explo-
sion. It shall now be investigated how the Jet tube reacts to this
condition.

Inasmuch as no exact data on valve opening exist, the effects
of a leakiness of 50 percent and of 100 percent shall be Investigated
with the assumrtions of maximm attalned valve opening FE/FR = 0,2

and Tlight speed of C,64 of the velocity of sound.

The investigation is made by means of figures 25 and 26. The
only difference Trom the earlier casc shown in figure 10 1s that
from the instant 7', when the outward traveling rarefactlion wave
leaves the valves, fregh charge begins to flow in through a cross-
sectional area AFg/Fp = 0.1 (fig. 25) or 0.2 (fig. 26). The
boundary of the inflowing {resh charge is again shown by a finely
dotted line., For the gucceeding Inboke period it 1s assumed that
the mechenical 1limit to the valve-opening area is FE/FR = 0.2 and
that 1t is attained. In reality, of course, the opening arca depends
upon the prossure head, which varies during the intake péfiod; it
would scarcely be worth the effort, however, to take account of the
congequent alteration from moment to moment of the effective inlet
area,

If the cases of Tigures 25 and 26 are compared as to the guan-~
tities of fresh charge avallable for the second working cycle, that
1s, the guantities present at the moment Ty, figure 27 1is obtained,

which showg the increase with increasing leakinesgs. From thls figure
it can be geen that the increage of the quantity of fresh charge due
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to a slight leakiness of the valves 1s quite advantageous but that
greater leakiness recsults in a t<o great increase in the charge, in
ths genes that a suft'iciently rapld syread of ignition throughout
the gas becomes doubtful and also that too great a cooling of the
tube may be expected.

In order to evaluate tlie operability of the tube with valve
leakiness, the strength of the returning wave must be considered.
The investigation shows that the leakiness does not affect the low
pressure created at the valves by the returning raretraction wave,
the suction effect thus remaining the same dut that the returning
condensation shock wave 1s somewhat wealened, The decrcase of the
pregsure ratio (ratio of pressure after to pressure before the sghock)
produced by the compression shock wave ig shown in figure 28. The
reason for thig effect ls, that whereas the outward-traveling con-
densation shock wave a ig unaffscted, consequently the rarefaction
wvaves d and e ariging from it by r eplﬁvtlﬁn are unaffected; on
the other hand, the outward traveling rarefaction waves b and C,
and also ths conienoation ghock wave f arising frem them by reflec-
tion, are weaker becauge the gas condition 7 behind the outward trav-
eling wave pogsesases a higher pressure *than 1t would at zero leakiness.
The decreage of the pregsure ratio in the shock wave f 1s 20 percent
at 100 percent leakiness, according to figure 28,

Furthermore, it is found that the rarofaction waves g and h
ref'lected from the valves tecome stronger with increasing leakiness
withovt, however, giving rise to any negative gas velocities (that
is, inflow at the exhauvat end near the end of the working cycle).

A limited leackiness hag an advantageous effect inasmuch as it
Increages tlie weight of new charge induced and only slightly affects
the waves. Greater leakiness results in & weakening of the returning
compressicn shock end therefore has an unfavorable effect on the igni-
tlon, as does also the cooling of the tube and the less rapid spread
of 1gnition throughout a larger as compared to a smaller quantity of
fresh charge.

INFIUZNCE OF COMBUSTION PRESSURE

Although the influence of the combustion pressure is of less
practical significance because 1ts magnitude cannot be predetermined,
for Instance by the choice of fuels, it ig nevertheless of interest
inasmuch as according to the regearch of Busemann (reference 5) the
best yield of work from a thermodynamic viewpoint is secured from a
Jet tube with combustion at constant volume and the question arises,
whether the Jet tube 18 operable with this kind of combustion.
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Combustion at constant volume ig characterized by a higher com-
bustion pressure than noimally occurs in the pulse-jet tube. It will
therefore be posgible to lecide the qusstion approximately by inves-
tigating the influence of the tombustion pressure.

The results of the investigation are shown in figure 29.
According to this fignrs, the degree of charge and the pressure
ratio in the reflected comvression shock at first increases with
increasing combustion pressure p then reaches a maximum in the
neighborhood of whilch the curves ars level and thereefter decrease,
gso at too high a combustion pressurs, in this case namely at
p/pl>>7, the operability of the tube becomes questionable.

The reason is that with increasing corbustion pressure & point
is reached at which the exhsust flow reachesg the velocity of sound
and beyond that polnt the outward-traveling explosion wave is no
longer reflected at full strensth as a rarefaction wave because the
reflected wave has zero net velocity of propagation against the gas
flowing out with the velocity of sound. This reflected wave remains
at the mouth of the tube and 18 only disposed of by the subsequent
arrival of the rarefaction waves b and ¢, as a result of which
these waves are In part reflected es rarefaction waves and not con-
densation waves as they should be; conseguently the reflecved com-
pression shock 1s weaker.

From equation (1), the combustion pressure at which the exhaust
willl reach the spesd of sound can eagily be computed. The sound
velocity attalned at the exhaust end is then that of the surrounding
atmogphere. Letting a_ be the sound velocity corresponding to the
combustion pressure, then on the one hand

Aa = a, - a3
on the other hand
2
,u:—.-—l%-—_-—TAa:al
and therefore
K-l
ay = 5 a) + a; = 1.2 a1

8+

= - 1.2

ay

or
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2 -z
Py

But the pressure cccurring In the jJet tube is actually p/pl = 2.5,

INFIIJENCE OF TUBRE FORM CIN VARTATION OF PRESSURE WITH

TIME AT VARIOUS TUBE CROSS SECTIONS

In order to make a comparison with measgurements of the sequence
of pressurzs taken through Laps in the tube walls, the theoretical
gequences of pressures at the po’nts € = 0.4 and { = 0.6, that is
at distances of 0.4 and 0.6 of the tube length from the inlet end,
were dorlved from the wave disgrams of figures 11, 14, and 15, corre-
sponding to the tube forms A, B, and C of figure 13. The results are
shovn in figures 30, 31, and 32 for one vorking cycle. These figures
show the ratioc of tube pressurc to atmospheric pressure Py plotted
againet dimerngicnlegs time ¥, The arrovg above ths waves indicate
their directicn of propagation in the tube,

" In comparing the cylindrical tuve, form A (fig. 30), with that
having the enlarged combustion chamber, form B (fig. 31), it ig note-
worthy that the jressure varies less wldely for form B than for form A.
This fact had been observed in the experimental measurements and had
then led to the ovluicn that a leus vigorcus combustion took place in
form B. PRut it is now apparent thet the cause lies entirely in the
tube form. As to form C, Tlgure 3Z shiows that a constriction haif -way
along the tube gives rise to additional pressure peaks., In this case,
the outward-traveling and inward-traveling waves ars not separated by
a time Interval as in the preceding tube foirms, a clrcumstance that
makes the evaluaticn of sxperimental measurements more difficult.
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TABLE T
STATE VALUZS FOR FICURES 10 AID il

:‘1'[?:/1‘—:}3 = 0.2 I‘JE/I:‘R = 0.4

Hum- a/a- u/ aa M- e/ a3 u/e,
ver | - i er a ”
1 1000 |0 111,000 |0
2 |1,072 .56 2 | 1072 .36
3 | 1.036 2 3] 1,036 .18
4 V1,144 0O 4 ] 1.124 10
5 !1.108 .18 5 | 1.108 .18
6 11.072 |0 6 1 1.072 | O
7 i 1.036 .54 7 1 1.03¢ £
8 | 1.000 sz il a8 | 1.oos .72
9 | 1,000 A5 00 9 | 1000 .38
10 . 054 .54 10 9c4 .54
11 | 1.000 .36 11 | 1.900 .76
12 .64 .18 12 .064 .19
13 .928 LB 17 .928 .38
14 .064 .13 14 . GF4 .18
15 .95 13 118 970 .21
15 918 31l 1s .93 .38
17 .396 .20 I 17 L9232 .34
18 .99C | -.05 4| 18 | 1.006 .03
19 .568 | -.16 19 .598 .02
20 . 954 A7 il 20 .970 .52
22 | .910 | .ol en ;i 922 | .35 |
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TARTE TI - STATE VALUES FOR FIGURE 14
Form B
E\’um-- a/r'»a.l u/el }“\?‘Lun- a/al u/al
ber ber .
1 1 0 14 0,911 U.,445
2 1.144 0 15 L960 .200
3 1.08¢2 A4S 18 .928 . 230
4 1.103 . 205 17 .954 .23
5 1.062 | O 18 .5859 255
6 1.047 . 100 1is 1.007 017
7 1.04 . 200 20 1.007 035
8 L9501 . 845 Z1 1.017 .085
9 1 .290
10 1 L 400
11 1.022 0
12 1.061% 035
_L_;B 1.015 70

TARIE III - STATE VALUES FOR FIGURES 15 AND 16

Form C Form D
Num- | afay | w/ap || Fum-| afay | ufay |} Bum- | oa/ay u/a;
ber ber be IS I
1 i1 0 14 | 0,951 {0,885 1 i1 0
2 11.144 10 15 L970 | . 180 2 ]1.144 |0
3 11.072 | .380 15 .654 | .230 3 11.072 | .36
4 |1.102 | .210 17 | 1.018 | .0%0 4 |1.080 | .32
5 | 1.088 | .440 18 | 1.049 | .z45 5 |1 .965
6 |1 880 i 19 | 1 L. 180 6 | 1.008 | -.04
7 11.030 |-.150 |i 20 | 1.031 | .33%
8 |1.060 {0 21 |1 . 490
9 212 | .440 22 ,959 | .325
10 |1 . 300 23 982 1,090
11 c54 | .230 24 L951 | ,245
12 930 | .53¢c ' 25 | 1.012 | .060
15 | .e84 | .380 4} oee |1 D018 |

29



NACA TM No. 1131

TARLE IV - STATE VALUES FOL FIGURE 17

Fom B

Tfam - a/a-, u/al Num- a/*l T u /al
ber ter i
1 1, 0 27 1.028 | ~0.017
2 1.144 | 0 c8 1.026 | -.035
3 11,103 .205 |1 o9 1.017 | -.075
2 laose | 445 |j20 | 1.007 | -.025
5 1.129 | .245 || 71 905 AT
€ 1.108 540 |} 72 L350 .260
Ta | 1.013 L0132 {1 33 .980 110
T 1 1 34 i 0
8 1.062 | 0 35 1 . 200
9 1,042 L1000 |} 25 1,020 .100
10 i 1,040 200 1| 27 1 .210
i1 1,030 | 0 z3 .969 360

|12 1,055 .125 |! 59 .924 J5TO
13 1.050 .250 |l 40 950 .250
14 .955 L7231 4L .226 .310
152 | 1.013 433 |1 42 L070 .150
15h |1 .S 43 978 .19C
16 1.022 |0 44 .986 .19
17 1.046 1 .082 |45 1.018 L040
18 1,075 ; 075 |1 48 1.013 .010
1 1,085 | -.127 [147 1,013 010
Z 1,020 | O 48 1.015 O35
o 1.7920 | .C50 )49 1,013 .080
22 1.020 | .130 {|=0 993 180
o3 925 | .573% |51 1.042 | -.2
24 970 | .380

o511 210

25 11.0a2 | -,100




NACA T™M No. 1131

TABLE V - STATE VALUGSS FOR FIGURE 18

Form 7

Fum— a/al u/al | yur- a/al u/al

| ver | ___|i ber
1 1.3000 0 12 0.434 -0.03
z L.144 0 15 . 956 .20
3 1.072 L35 14 .998 -.01
4 1,03 LT 15 .914 41
] 1.054 .27 18 1.070 35
6 1.000 .04 17 .986 TT
7 1.000 54 i8 1.070 .35
8 . 946 e 19 .91€ 4z
a . 356 Al 20 .908 .39
10 .916 47 21 .992 -.03
11 930 .18

TABLE VI - STLTA VALUES FOE FIGIRE 1€

M- nfay u/ag
ber -
1 1 0
2 1.144 0
3 1.072 .56
4 1.094 25
5 1,034 420
6 1.11 .29
7 1.098 .43
8 1.022 | 1.022
9 1.023 ~-.13
10 1.022 -.11
11 1.044 0
1z 1,022 W11
13 1.02 -.1
14 1.C2 ~.16




TABLE VII

NACA TM MNo.

STATE VALUES FCR FIGURE 20

— . —
Numm- afal l u/a1 E yuw_ &/al u/a,l
ber goer | o
1 | 1.060 | O it 2¢ | 0.898 | 0,02
2 | 1.244 1 © il 30 | 1.026 | -.13
3 | 1.072 25 =1 11.010 | -.08
4 | 1.108 .18 i sz L0985 | -.07
5 [ 1.000 | O z3 L9982 .09
€ | 1.036 .18 z 1.008 | -.04
7 | 1.094 .25 57 1 1.008 | -.06
a | 1.084 .42 33 .998 | ~-.0L
g | 1,110 .29 27 .984 .06
10 | 1.0¢5 LAR Z3 .936 .07
1L | 1.102 A5 z9 .988 .08
17 | 1.088 07 40 .938 .06
1% | 1,044 .14 41 | 1.03%0 .07
14 | 1.044 .22 42 | 1,022 11
15 | 1.070 .09 43 | 1.042 01
18 | 1,054 17 44 11,030 07
17 | 1.0%4 W27 45 11,022 L1l
16 | 1.028 .36 48 | 1,008 L04
18 | 1.022 | 1.0%2 47 | 1.028 | -.08
51 1.000 L2 48 |} 1.016 | O
21 | 1.022 | -,1% 49 | 1,008 04
22 | 1.008 | -.04 =0 {1,020 | -.1G
23 | 1,080 | -.14 £l | 1.008 | -.Cé
24 | 1.020 | -.18 g2 11,028 JOF
2= | 1,004 | -.08 53 11,020 .10
26 ,094 | ~.03 84 | 1.008 .04
27 .C80 .04 L35 .988 .08
28 .980 L1l
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TABLE ViII - STATE VALUES FOR FIGURE 21

Numus a/aq u/a1 H dum- a/al u/al
oe ter
1| 1.144 | O 22 | 1.,02C |-0.10
2 1 1.072 .36 g 23 1 1.004 .02
3 1 1.094 25 11 24 0,954 .23
4 | 1.084 A2 1 25 ] .944 .40
5 1 1.110 ele) 25 | 1.012 .06
6 | 1.095 .48 27 1 L,002 J11
7 1 1.128 32 28 .990 .05
6 | 1.110 .35 29 .590 .09
g | 1.c00 | 1,10 30 .986 .07
10 .590 .55 21 11,000 14
11 | 1.032 | -.16 32 | 1.014 07
12 | 1.026 | -.13 23 .904 .62
13. | 1.022 | -,11 3 J932 54
14 | 1.022 L1l 35 957 27
15 | 1.028 08 3 1.0C0 .08
16 | 1.025 .13 z L9538 .16
17 | L.7260 .13 %8 | 1,008 N4
18 | 1,028 | -.13 39 .GTC .2
19 ! 1,004 02 4 .992 .04
20 | 1.020 | -.15 41 . 952 .06
21 .994 03 42 11.144 | O
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TABLE IX - 3TATE VALUE

For Figure 25 For Figure 25
ure- a,-’a.l w/a, N | a/aq u/a-;7

o1 il Dber

11 0 1 ]2 0

2 1.144 1 O 2 11,144 1 0
311,108 .18 3§ 1,108 .18
4§ 1.072 | O 4 11,0724 0

5 1 1.072 .38 5 ; 1L.,072 76
5 1 1,033 ., 13 5 ] 1.03¢ .18
7 | 1.0 .05 7| 1.024 12
8 | 1,033 B 8 L. 0%6 .04
g 11 W72 9 |1 .72
10 | 1 .36 0 |1 s

L
]
o
|
KN
S
i
i)
[
N
o}
kS

11 . £
12 1 .36

o)
oo
—
.

N

3 974 .23 13 . 288

14 .938 .41 14 L9528 .48
15 .G74 $23 15 .968 .20
16 LS4 .18 15 LS54 .18
17 .28 38 17 .928 .36
18 .04 .04 13 .304 .2

1t (968 | ~.07 19 952 | 0

20 .020 .08 zd 976 .12
21 i 24

1 .1 2L
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\\_Column of fresh charge R!

inlet valves

Fuel-spray valves

inilet end Exhaust end

Figure |. - Schematic diagram of a jet tube.
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a 4, a,
aj +A:a *2A3 +3§a

Slope diagram

t2

Wave diagram

Figure 3. - wave propagation in t,x plane. The form at two
moments t, and t, of wave approximately represented by in-
dividual wave elements.
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S=constant
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-

=constant

2
Y.
2 7

QUi=constant

[ =constant

QU=constant

Figure 4. - Passage of a wave through change in cross
section as represented in a,u diagram.
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Figure 5, - Passage of a wave through change in cross section.

Momentary states.
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Figure 6.
as represented

in t,x diagram,

Passage of a wave through change

in cross section
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Figure 7. - Reflection of rarefraction wave at

Momentary states before and after refiection.

NACA TM No. 11

inlet valves,
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NACA TM No. |13l " Fig. 8

"Figure 8. - Reflection of a rarefaction wave at inlet valives,
Determination of reflected wave in a,u diagram,.

Four cases;
Large valve cross section, reflection of condensation wave 3!
Smaller valve cross section, no reflection because 32 = 2

Still smaller valve cross séction, reflection of rarefaction
wave 3
Still smaller valve cross section, reflection of rarefaction

wave 34 and flow through valves at velocity of sound
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Figure 10,

wave propagation

in jet tube.
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Figure 1i. - wave propagation in jet tube. Fe/Fgp = 0.
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Figure |2. - Ratio of quantity of newly induced charge to
quantity originglly present as function of Fe/Fp in
stationary jet tube,
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Figure I3. - Tube forms investigated. From left to right

each smaller cross section is 50 percent of the preceding
one.
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Fg/Fp = 0.4;

form B.
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Figure 18. - wave propagation in the jet tube. FE/FR = 0.4,
form F,.
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Figure 19, - wave propagation in the Argus VSR9z jet tube,
Fe/Fr = 0.4.
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NACA TM No. |13l Fig. 20
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Figure 20, - wave propagation in the Argus VSR9z jet tube,

Fe/Fgp = 0.4. (Closer approximation than in fig. 19.)
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Figure 21. - Wave propagation in the Argus VSR9z jet tube.
Fgl/Fp = 0.4.
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Figure 23, - Ratio of newly indrawn quantity of fresh charge

M" to quantity originally present M' as function of flight
speed u.
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Figure 24, - Ratio of newl indrawn quantity of fresh chérge
© M" to indrawn gquantity M; when u = 0 as function of flight

speed u,
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Figure 25,
leakiness

that is AFg/Fp = 0.1;

sound.

-~ Wave propagation'in jet tube

in the

valves,

flight speed =

Fe/Fgp = 0.2;

in the case of
leakiness 50 percent,

0.64 of velocity of
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i —r—

25T,

Figure 26. - wave propagation in jet tube in the case of
leakiness in the valves, F_/Fy = 0,2; leakiness, 100 per-
cent, that is AFE/FR = 0.2; flight speed = 0.64 of velocity
of sound,
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Figure 27. - Ratio of quantity of newly indrawn gas M" to
quantity drawn in zero leakiness M" plotted against

leakiness
tion FE/F

sound.
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in percentage of fully opened valve cross sec-
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Figure 28. - Pressure ratio

sion shock f plotted against
as in fig. 27.)
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Pressure ratio P/ Py in reflected shock 3 (ps before
and Po after the shock}) plotted against combustion

M%’pressure.
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Ratlio of newly indrawn quantity of fresh charge M" to
quantity originally present M' plotted against combustion
pressure,

Figure 29, - Influence of combustion pressure p.
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Figure 31. - variation of pressure with time at cross sec-
tions, £ = 0.4; E = 0.6; form B. (See flig. 13.)
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Fig. 32
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Figure 32, - variation of pressure with time at cross sec-
tions. E = 0.4; £ = 0,6; form C. (See fig. 13.)
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GAS-DYNAMIC INVESTIGATIONS OF TEE PULSE-JET TUBE

PART IT

SUMMARY

Thls investigation will account for the Important practical
obgervation made by Faul Schmidt that the ratlo of the effective
valve cross-gactlional area to the tube cross sectlon may not be of
any random magnitude and will explain why et too great flight gpeeds
the jet tube ceases to operate. Chemical and thermodynamic processes
(for example, constitusnts or mode of fuel-air-mixture formation or
heat losses) are unimportant in this regard.

INTROIUCTION

In Part I the Jet tube was Investigated using the simplest
possible assumption £3 to the initial conditlon, nemely, that a
compregsed column of fresh charge suddonly expands. The gimplifi-
cation thus obtained permittsd an elementary insight into the non-
uniform gas motlon, even Iin noncylindrical tubes. The investigation
attributed the setting-off of the explosion to a compression shock
wave reflected from the end of the tube and it was useful in that
it enabled a prediction as to which tube forms that were aerodynam-
ically desirable would alsc te capable of operating. It was shown
that in tubes tapering toward the rear, the end portion of the tube
must be cylindrical.

The investigations of Beckert and Sawer are based on very
similar simplified initial conditions.

But the combustion does not teke place svddenly; Instead, 1t
extende over & rather lsrge part of the working cycle. The conse-
quent variation of pressure with time will be investigated 1n the
cylindrical tube. Because nothlng is known of the combustion as a
function of the conditicn values, an experimentally determined value
shall be used for the increass of pressure dus to combustion; and the
gimplified assumption chall be made that the change of state takes
place adiabatically and simultaneously along the whole column of
fresh charge. This agssumption presupposes combustion taking place
in that manner. In actual fact, the combustion takes place not
golsly from the end cross gection of the column of fresh charge but
from the outside inwardly along its whole length due to the continu-
ous prasence of burning remnants of the previous cliarge.
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Accordingly for the purposes of this investigation, the only
effect of the fuel is the producticn of a change of state of the
fregh charge. 'he influence of its mass upon the motion will te
neglected.

The exhaust gases aro assumed to have the same gpecific heat
as the fresh charge end their state is assumed to lie on the same
adiabatic curve ag that of the fresh chargs,

These assumptions imply that in the Jet tube a horogeneous gasg
initially exists throughout under uniform pressure, upon which,
confined in & limited space, an adisbatic change of condition is
externally imposed.

Comparison with Paul Schmidt’s experimental results will show
whether a gas flow corresponding to reality arises urder the premises
thus asgumed.

This Investigation will be carried out using the Riemann theory
of nonuniform gas flow, according to which the gas flow is determined
by the propagation of pressure wavea. The propagation will be graph-
ically represesnted in a time-distance diegram. Thne method of approx-
imation (reference 1) to be uszed for thig purpose has been desgcrited
in Part I and hers 1s assumsd to be famililar.

GAS FLOW DURING AN BFXTERNALLY CAUSED CHANGE OF PRESSURE

With an increase of pressure in the column of frech charge thers
ariges a pressure difference as compared to the exhavst gases adjoin-
ing the rear face of this column. This pressure difference results in
a movemernt of expansion, which ig transmitted to the exhaust-gas column
ag condcensation waves and to the fregh-chargs column &s rarofaction
waves, in the manner indicated in the time-distanco diagram of Tig-
ure 1'. The assumptions that the change of state 1g isentropic aad
that the entropies of fresh charge and exhsust gases ars the game lead
to the further assumption that thege waves are produced in pairs con-
gisting of a cordensation wave and a rarcfeaction wave of equal strength.

With this method of approximation, only a few of the continuous
gcrles of waves that are transmittod ghall be followed; alsgo as an
approximation, congtant gas and sound velocities between them shall
be assumed. Likewlse, the continunus externally imposed Increcse in
pressure will be approximated by separate small Jumps, the posgition
and magnitude of which will te determined by the experimentally
obgerved sequence of prsessure varlations, It 1s assumed thzot thege
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abrupt changes take place simultsncously throughout the whole column
of fresh charge. They are repressuted in figure 1' by solid hori-
zontal lines.

With the definition of the manner which the externally imposed
pressure varles with time, the simplest premlsss possible for its
variation with the distance x ghall be defined. Let the imposed
pregsure change be teken as unifori throughout the column of fresh
charge. It 1s then obviousg that this change will have no direct
effect on the motion of the gas but only & later indirect effect
cauged by the successgively geaerated waves that are transmitted from
the end of the cclum of fresh charge. Pressure variations corre-
sponding to the alrcady existing waves remain; the waves do not
change in strength but do change their rate of propagation because
of the change 1in the velocity of asound.

In order to conduct the investigation, the relatlion is required
betweon. the change in ga3 velocity Au and the change in velocity
of sound Aa resulting from the wave

4
Au = % T Aa

and the expresslon for the veloclty of propagation of a wave

w==atn

The upper sign applies to & wave traveling in the +x direction; the
lower, to one traveling in the -x direcitlion.

COMFUTATION OF GAS MOVIMENT DUE TO GIVEN RISE IN
PRESSURE IN COLUMN OF FRESH CHARGE

From preseure meagurements on Jet tubzs, it is found that the
pregsure rise during combustion corresponds, for the purnoses of
this investigation, to an increase in the sonic velocity Aa=0.04a,
in 1/15 the time required for a wave to traverse the jet tube with
a sonic velccity a; of the atmosphere at rest. On this bssls, the
rise to the normal value of 2.5 timesg atmospheric pressure requires
an interval of about 1/5 of the working cycle. '

According to the observations of Paul Schmidt, the column of
fresh charge extends for 1/7 the tube length. At the teglnning of
the first working cycle, the fresh-charge column 1s allowed to
expand. Let the quantity of charge distributed through 1/7 of the
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tube length be the proper quantity for continucvs tubse operation,
the quantity that must be drawn in during each pericd. This fixes
the maximum pressure during a cycle becauce that pressure substan-
tially determines the gquantity drawn in for the next period. Thus
for the first cycle a maximum pressure of 5.5 times atmospheric and
for the second cycle 3.5 times 18 ottalned. The rsason for theo
lower value for the sscond perlod 1s that a motion process already
exists from the flret pericd,

The ratio of meximum effective valve area to tube area ig get
at 0.4, The reflection of the waves at the valves Las been explained
in Part I. A rough slliowance ghall be made, however, for the mass
and stiffness of the enrings by assuming a gradual opening of the
valves to their maximum gtyoke.

The initial pheszs of tube operation will be trzsated here rather
than the ultimate oscillatory acticn because the Riemann theory
refers to the initial phases. In view of the rather burdensome work
involved, only the first two pericds will be developed. The second
period will give a sufficient idea of the essentials of the ultimate
ogcillatory action.

The wave propagaticn in the time-dlstance dlagram Lhas bsen con-
gtructed in figures 7' to 11'. Eere the condition of motion and
atate of the gas at all tube crogs sections and at all times may be
found and along x = congtant and t = constant linss the tims
sequence of pressure at a glven cross gestlon and the distribution
of pressure along the axis of the tube at a glven time may be read.

a-
As coordinates, take dimensionless time 7T =t 7% and dimengionlesa
distance f = x/1, in which 1 = tube length. The slopc of a line
of propragation meacured from the T-axls 1s thus a velocity made
dimensionlesgs by dlviding it by ay, the sonic velocity of the ini-
tial state of rest. The values of the states exlsting a«t each point

arc shown In figures 77 to 11V, lﬁACA comuent: The palr of nunbers

shown 1n ¢ach arca of figures 7' to 11' are the values of a/al

(upper) and u/al (lower), respectively} The_pressure may be calcu-
2K/ (K-1

lated from the relation p/pl = (a/a]) / )J

In order to permit a better gver-all view, figure 2' gives &
sunmary of tho wave propagation that is constructed in detail in
flgures 7' to 11'. 1In figure 2', pressures above and below atmos-
pheric are indicated by + and - signs, and the direction of the flow
by arrows,
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The condensation waves A' and A" (fig. 2'), which arige from
the ccmbustion in the first and sscond cycles, initiate an outflow
from the end of the tube at greater than atmospieric prassure and
at the velocity of scund. Consequently, the subsequent rarefactlon
waves B' end B" are reflected as rarefaction waves C' and C" until
thiey have ligquidated the excess pressure. The still later rare-
faction waves D' and D" are reflected as condensation waves E' and
E"; they produce a conlition of atmospheric rest. This condition
exists in the reglons deslignated I.

At the inlet end, the waves C!' and C" initiate the iIntake period,
When the firgt wave arrives, the valves are still closed. From that
moment on, due to their inertia, they gradually open. The first waves
are congequecntly reflected as the rarefaction waves F' and F'; the
last waves ere reflected ag the condensation waves G' in the first
cycle and not reflected at all in the second.

The first cycle influences the gescond cycle through waves E',
F', and G'. The fresh charge drawn in during the first cycle is com-
presged and, as indicated in Fart I, is also ignited by waves ',
because obviougly no other phenomenon exists that might serve to set
off the explogion. The second cycle begins with this ignition,

Wave G! combines with the pressure waves originating in the
second explosion, thereby reinforcing them.

The rarefaction waves F' are reflected at the end of the tube
as condensatlon waves H! and produce at that polnt inward flow with
a maximum gas velocity of u/al = 0.18. The boundary of the inflowing
air is shown by a finely dotted line. This alr eventually occuples
1/8 of the tube. This phenomenon of inward flow at the exhaust end
of the tube was experimentally observed by Paul Schmidt and termed by
him "intrusion of air." This phenomenon was considered unimportant
and hence not treated in Port I of this report because its occurrence
was not 80 obvious on the bagig of the simpler initial conditions
assumed in Part I.

The effect of waves H' 1s to produce, following the combusiion,
a nregsure higher than atmospheric at the inlet end, which exists
until the arrival of rarefaction waves C". These waves C" initiate
the second intake period.

Figure 3! shows the variation of pressure with time at the inlet
end, as derived from the time-distance diagram.
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COMPARTSON WITH EXPIRIMENTALLY OBSERVED RESULTS AND CONCLUSIONS

For comparison, figure 4' sghows experimental results obtained by
Paul Schmidt. It 1s apparent that the celculated pressure dlagram
(fig. 3') substantlally agvrees with hia.

It is of eapeclal Interest that an explanation can now be made
for the shoulder In the curve E in figure 4', which appears more
or less markedly in all observations of pregsuie at the inlet end,
It appeargs alco in the preasure diagram that has been calculated
(fig. 3') and is in fact produced by the waves H', which were orig-
inally reflected from the open valvea, It 1s thug secen to ve a phernom-
enon of valve operation, The atilfsr the valves are and the more
maass they have the more this ghoulder will peak.

On the other hand the comngrisgon shows that the combustlon does
not begin suddenly with a congtant speed of burning, as hes been
here assumed for the saxe of simplicity. The irregularities at the
beginning of the experimentally observed presaure rise must be due
to vibration of the valve flapa, which will be disregarded here,

In Part I, the occurrence of the condensatlon waves E was found
ag a criterlon of the tube operabllity, from which it was evident that
tubes with a constriction at the exhaust end are not operable. A
gecond criterion of operability now appears, one that simply expresses
the obgervation of Paul Schmidt that operabllity 1s effected by the
cpening ratlo of the valves, that i3, the ratio of maximum effective
open crosg-sectional area of the valves to the cross-gsectional area
of the tube, In other words, with too great an opening ratio the tube
will not operate.

The explanation for this 1s found in figure 2'., If the oponing
ratio ig too great, scarcely any of the vaves reflected at the valves
will be rarefaction waves F' but instead predaminantly condensation
waves G'. The reflected waves H' are then not condensation but rare-
faction waves. 7118 means that the fresh charge will flow in at
higher presgurec and in greater quantity and the nressure level will
thus be raised; but on the cther hand, when the reflection cf wave H'
takes place at the open end of the tube an inflow (rebound), or as
Paul Schuidt calls it as intrusion of alr, will not occur but instead,
due to the reversed character of ihe waves, a premature outflow will
be initiated, namely, bofore the compression shock wave A" starts the
exhaugt process. Tho Inflow of fresh charge thus has the effect of
a weak Intormedlate explogion, that is, it creates o condensation
wave analogous to G' traveling toward the open end of the tube. But
the wave corresponding to H' conesequently reflected from the end of
the tube 1s now a rarefaction wave that weaskens the explosion.
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At the correct smaller valve-opening ratio there are, on the
contrary as in figure 2', predominantly rarefaction waves F'. By
reflection at the end of the tube, they give rise to the condensa-
tion wave H', which produces the intrusion of air and strengthens
the explosion. Thus it may be seen that the pressure loss in the
valves must be at least so great that the indrawn fresh charge has
a pregsure lower than that of the exhaust gas in the tube.

It might also be said, that when the valve-opening ratio is too
great, the combustion creates too little pressure because it must
instead produce volume to maintain the flow through the tube inlitiated
by H'. The combustion thus ccntinues the process that took place due
to the open valves, namely, displacement of volume. The limiting case
of combustion at constant preasure is approached. The tube is not
overable in that case because a certain progressive change of pres-
sure is necessary in order that enough fresh charge may be drawn in
for the next period.

It 1s now also seen that the two requirements stated by
Paul Schmidt, namely, not too great a valve-opening ratio and intru-
gion of air, are mutually interdependent; for it has been learned that
with too great a valve-opening ratio the process of continuous flow
through the tube is too predominant over the oscillatory process.
For the development of sufficient pressure during the explogion, a
back-flow at the open end, that 1s, intrusion of air, is necessary.

INFLUENCE OF FLIGET SPEED ON OPFRABILITY

In the case of the Jet tube in flight, the level of pressure on
the valves 1s Increased by the amount of the dynamlc pressure, as
compared with the case of the fixed Jet tube. At a sufficiently high
flight speed, the Increase is so great that the pressure of the indrawn
fresh charge is not lower than the exhaust-gas pressure in the tube
and the some phenomenon appears as in the case of a too great valve-
opening ratio., Thus at a certain flight speed, the tube will cease to
be operable for the same reasons as in the cagse of a too great valve-
opening ratio.

These oncrating limits should be of more significance than those
camputed by Beckert from the limits of combustion set by too lean and
too rich fuel mixtures because the combustion limits are quite broad
for the range of atmospheric conditions that will be encountered and
may easily be influenced by modifications of design.
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In addition to this previously described injurious effect of
flight speed, there is the effect pointed out in Part I, namely, that
with increasing flight egpoed the compreasion shock that sets off the
explosion also becomes weaker, assuming the valve-opening ratio is
kept constant.

SHIFTING CPERATING LIMITS TO PERMIT HIGHEB FLIGHT SPFEEDS

An externaion of the operating limits would seem to be possible
through asutomatic regulation of the valve-cpening area in accordance
with flight speed because a reduction in the opening ratio with
‘ncreasing flight speed would fulfill the requiremsnt of a suffi-
clently great pressure lecss in the valves. However, 1t must also
be madé ogure that a sufficlent quantity of fresh charge is drawn in.
This consideration sets the limit to tho posasibilities of opening-
ratio regulation., In this cconnectlcn, figure 23 cf Part I, which
is8 duplicated as figure 5' In thls part, shows thet with constant
opening ratio incroasing flight gpeed has little cffect on the
indrawn quantity of fresh charge up to a speed of 0.4 of the veloclty
of sound; after this point the cffect 1s more marked. The rogulating
mechanisms therefore ought not to te opcratlve unitili the higher
flight speeds are attained, Figure 5' alsoc glves a basis for ostl-
mating the pogslble scope cf the regulation. At a flight speed of
0.8 of the velocity of sound, the reduction ia the opening ratio
ocught to be about 25 percent.

Arother gimpler possibililty 1s suggested in figure 6'. The
full effect of the impect pressure 1s prevented by means of a cap
in front of the tube. This cap will also reduce the flow resistance.
The can can be so formed that approximately atmospheric pressure will
be attained at the annular slit where the fresh charge enters, regard-
legs of flight speed. The introduction of alr through the slit must,
of course, be so arranged that turning losscs are avolded.

REDUCTION OF INTERNAL-FLOW RESISTANCE

It may be asked whether it 1s poassible to induce the oscilletory
process by meansg otheyr than valves with high flow resistance. One
posgibility would appear to be the positive mechanical regulation of
the 1nlet arsa. It would then be posalble to choose a relatively
greater orening ratio maintained ~ver a shorter time, rather than a
smaller opening ratio operative for a relatively long time. On the.
one hand, the flow losses would then be less; and on the other, the
opening of the valves could be made to occur as late as possible and

\“
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with maximum suddenness. Late opening would produce strong rare-
faction waves F' because the valves would still be closed when the
first waves C' struck them; end sudden opening would result in strong
condensation vaves G'. Roth these efrects would stirrengthen the subge-
quent explosion and thereby increase the thrust.

SUMMARY

By taking into account the course of the development of preassure
by combustion, a new insight has been obtained into the processes of
motion within the jet tube, an insight that explains a number of
empirical observations, namely: certaln particulars of the sequence
of pressure variations; the existence of an optimum valve-opening
ratio; the occurrence of an intrusion of alr; and the existence of a
flight speed above which the Jet tubs ceases to operate.

At too great an opening ratio or at too great a flight speed,
the continuous flow through the tubs is toc predominant over the
cgcillatory process to nermit the occurrence of an explosion powerful
enough to maintain continuous cperation.

Certain possible means of making the operation of the Jet tube
more independent of the flight speed and of reducing the flow losgses
vere propcsed and discussed.

Tranglation by Edward S. Shafer,
National Advisory Committee
for Aeronautics.
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